We examined the interaction between the multikinase inhibitor sorafenib and histone deacetylase inhibitors. Sorafenib and vorinostat synergized (sorafenib ϩ vorinostat) to kill HCT116 and SW480 cells. In SW480 cells, sorafenib ϩ vorinostat increased CD95 plasma membrane levels and promoted deathinducing signal complex (DISC) formation, and drug toxicity was blocked by knockdown of CD95 or overexpression of cellular FLICE-like inhibitory protein (c-FLIP-s). In SW620 cells that are patient-matched to SW480 cells, sorafenib ϩ vorinostat toxicity was significantly lower, which correlated with a lack of CD95 activation and lower expression of ceramide synthase 6 (LASS6). Overexpression of LASS6 in SW620 cells enhanced drug-induced CD95 activation and enhanced tumor cell killing, whereas knockdown of LASS6 in SW480 cells suppressed CD95 activation. Knocking down LASS6 expression also suppressed CD95 activation in hepatoma, pancreatic, and ovarian cancer cells. In HCT116 cells, sorafenib ϩ vorinostat treatment caused DISC formation without reducing c-FLIP-s expression and did not increase CD95 plasma membrane levels; sorafenib ϩ vorinostat exposure killed HCT116 cells via an intrinsic pathway/caspase 9-dependent mechanism. In HCT116 cells, knockdown of CD95 enhanced sorafenib ϩ vorinostat lethality, which correlated with less drug-induced CD95-dependent autophagy. Sorafenib ϩ vorinostat treatment activated the c-Jun NH 2 -terminal kinase pathway, which was causal in promoting dissociation of Beclin1 from BCL-2, and in promoting autophagy. Knockdown of Beclin1 expression blocked autophagy and enhanced drug toxicity. Our data demonstrate that treatment of colon cancer cells with sorafenib ϩ vorinostat activates CD95 via de novo ceramide synthesis that promotes viability via autophagy or degrades survival via either the extrinsic or intrinsic pathways.
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In the United States, colon cancer is diagnosed in ϳ150,000 patients each year, and there are ϳ50,000 deaths from the disease, which has a 5-year survival rate of ϳ60% (Parkin et al., 2005; Hegde et al., 2008) . However, for patients with nonlocalized tumor at diagnosis, the 5-year survival rate is ϳ10%.
The Raf-MEK1/2-ERK1/2 pathway is frequently dysregulated in neoplastic transformation Dent, 2005; Valerie et al., 2007) . The MEK1/2-ERK1/2 module comprises, along with c-Jun NH 2 -terminal kinase (JNK1/2) and p38 MAPK, members of the MAPK superfamily. These kinases are involved in responses to diverse mitogens and environmental stresses and have also been implicated in cell survival processes. Activation of the ERK1/2 pathway is often associated with cell survival, whereas JNK1/2 and p38 MAPK pathway signaling often causes apoptosis. Although the mechanisms by which ERK1/2 activation promote survival are not fully characterized, a number of antiapoptotic effector proteins have been identified, including increased expression of antiapoptotic proteins such as c-FLIP (Allan et al., 2003; Ley et al., 2003; Mori et al., 2003; Qiao et al., 2003; Grant and Dent, 2004; Wang et al., 2007) . In view of the importance of the RAF-MEK1/2-ERK1/2 pathway in neoplastic cell survival, inhibitors have been developed that have entered clinical trials, including sorafenib (Bay 43-9006; Nexavar; a Raf kinase inhibitor) and a MEK1/2 inhibitor (Davies et al., 2007; Li et al., 2007) .
Sorafenib is a multikinase inhibitor that was originally developed as an inhibitor of Raf-1 but was subsequently shown to inhibit multiple other kinases, including class III tyrosine kinase receptors such as platelet-derived growth factor, vascular endothelial growth factor receptors 1 and 2, c-Kit, and FLT3 (Flaherty, 2007) . Antitumor effects of sorafenib in renal cell carcinoma and in hepatoma have been ascribed to antiangiogenic actions of this agent through inhibition of the growth factor receptors (Gollob, 2005; Strumberg, 2005; Rini, 2006) . Several groups, including ours, have shown in vitro that sorafenib kills human leukemia cells at concentrations below the maximum achievable dose (C max ) of 15 to 20 M, through a mechanism involving down-regulation of the antiapoptotic BCL-2 family member MCL-1 (Rahmani et al., 2005 (Rahmani et al., , 2007a . In these studies, sorafenibmediated MCL-1 down-regulation occurred through a translational rather than a transcriptional or post-translational process that was mediated by endoplasmic reticulum (ER) stress signaling (Dasmahapatra et al., 2007; Rahmani et al., 2007b) . This suggests that the previously observed antitumor effects of sorafenib are mediated by a combination of inhibition of Raf family kinases and the ERK1/2 pathway, receptor tyrosine kinases that signal angiogenesis, and the induction of ER stress signaling.
Histone deacetylase inhibitors (HDACI) represent a class of agents that act by blocking histone deacetylation, thereby modifying chromatin structure and gene transcription. Histone deacetylases, along with histone acetyltransferases, reciprocally regulate the acetylation status of the positively charged NH 2 -terminal histone tails of nucleosomes. HDACIs promote histone acetylation and neutralization of positively charged lysine residues on histone tails, allowing chromatin to assume a more open conformation, which favors transcription (Gregory et al., 2001 ). However, HDACIs also induce acetylation of other nonhistone targets, actions that may have pleiotropic biological consequences, including inhibition of 90-kDa heat shock protein function, induction of oxidative injury, and up-regulation of death receptor expression (Kwon et al., 2002; Marks et al., 2003; Bali et al., 2005) . With respect to combinatorial drug studies with a multikinase inhibitor such as sorafenib, HDACIs are of interest in that they have potential to down-regulate multiple oncogenic kinases by interfering with 90-kDa heat shock protein function, leading to proteasomal degradation of these proteins. Vorinostat (suberoylanilide hydroxamic acid; Zolinza) is a hydroxamic acid HDACI that has shown preliminary preclinical evidence of activity in hepatoma and other malignancies with a C max of ϳ9 M (Pang and Poon, 2007; Venturelli et al., 2007; Wise et al., 2007) .
We recently reported that sorafenib and vorinostat interact to kill in renal, hepatocellular and pancreatic carcinoma cells via activation of the CD95 extrinsic apoptotic pathway, concomitant with drug-induced reduced expression of c-FLIP-s via RNA-activated protein kinase-like endoplasmic reticulum kinase (PERK) signaling to eIF2␣ (Park et al., 2008a; Zhang et al., 2008) . Subsequent work mechanistically advanced our understanding to reveal that sorafenib and vorinostat interact by activating acidic sphingomyelinase and the de novo ceramide pathway to promote CD95 activation, which regulates both apoptosis and autophagy. The present studies determined whether the same killing mechanisms apply after sorafenib and vorinostat treatment in colon cancer cells.
Materials and Methods

Materials
The vorinostat, sorafenib, and obatoclax used in this manuscript were generously provided by Merck and Co., Inc. (Darmstadt, Germany), Bayer Corp., Pharmaceutical Div. (West Haven, CT), and Gemin X Pharmaceuticals (Malvern, PA), respectively, and by the National Cancer Institute (Bethesda, MD). Primary antibodies were purchased from Cell Signaling Technologies (Ipswich, MA). HCT116, SW480, SW620, DLD1, PANC1, HEPG2, OVCAR, and SKOVIII carcinoma cells were purchased from the American Type Culture Collection (Manassas, VA). SW620 cells expressing LASS6 were provided by author C.V.-J. Rh30 and Rh41 rhabdomyosarcoma cells were provided by author P.J.H. HCT116 parental cells that express K-RAS Asp13 and were transfected with CMV empty vector; HCT116 cells deleted for the single allele of K-RAS Asp13; HCT116 cells deleted for K-RAS Asp13 stably expressing H-RAS Val12 and also transfected with effector mutants of H-RAS Val12 were as described in Ihle et al. (2009) . Commercially available validated short hairpin RNA molecules to knockdown RNA/protein levels were from QIAGEN (Valencia, CA): CD95 (Hs_FAS_7 HP validated siRNA; Hs_FAS_10 HP siRNA); ATG5 (Hs_ APG5L_6 HP validated siRNA); Beclin 1 (Hs_BECN1_1 HP siRNA, Hs_BECN1_3 HP siRNA). We used, for confirmatory purposes, the short hairpin RNA construct targeting ATG5 (pLVTHM/Atg5), which was a generous gift from Dr. S. Yousefi, Department of Pharmacology, University of Bern, Bern Switzerland. The plasmids to express green fluorescent protein (GFP)-tagged human LC3; wild-type and dominant negative PERK (Myc-tagged PERK⌬C); were kindly provided by Dr. S. Spiegel (Virginia Commonwealth University, Richmond, VA) and Dr. J. A. Diehl (University of Pennsylvania, Philadelphia, PA). Reagents and performance of experimental procedures were described previously (Qiao et al., 2001; Mitchell et al., 2007; Rahmani et al., 2007a,b; Park et al., 2008a,b,c; Yacoub et al., 2008; Zhang et al., 2008) .
Methods
Culture and In Vitro Exposure of Cells to Drugs. All established cell lines were cultured at 37°C [5% (v/v) CO 2 ] in vitro using RPMI 1640 medium supplemented with 5% (v/v) fetal calf serum and 10% (v/v) nonessential amino acids. For short-term cell killing assays and immunoblotting studies, cells were plated at a density of 3 ϫ 10 3 cells/cm 2 (ϳ2 ϫ 10 5 cells/well of a 12-well plate) and 48 h after plating were treated with various drugs, as indicated. In vitro vorinostat and sorafenib treatments were from 100 mM stock solutions of each drug, and the maximal concentration of vehicle (DMSO) in media was 0.02% (v/v). Cells were not cultured in reduced serum at ASPET Journals on June 21, 2017 molpharm.aspetjournals.org media during any study reported in this article. HCT116 (parental and transfected variants thereof), HEPG2, OVCAR, Rh30, Rh41, and SKOVIII cells were treated in all studies with 3 M sorafenib unless otherwise indicated. PANC1, SW620, SW480, and DLD1 cells were treated in all studies with 6 M sorafenib unless otherwise indicated. Cells were treated with 500 nM vorinostat and 1.0 mM sodium valproate unless otherwise indicated. Cells were treated with 100 nM obatoclax (GX15-070) unless otherwise indicated.
In Vitro Cell Treatments, Microscopy, SDS-PAGE, and Western Blot Analysis. For in vitro analyses of short-term cell death effects, cells were treated with vehicle, vorinostat, or the combination of sodium valproate and sorafenib (sodium valproate ϩ sorafenib) for the times indicated in the figure legends. For apoptosis assays where indicated, cells were pretreated with vehicle (DMSO) and therapeutic drugs; cells were isolated at the indicated times and subjected to trypan blue cell viability assay by counting in a light microscope. Alternatively, the Annexin V/propidium iodide assay was carried out to determine cell viability according to the manufacturer's instructions (BD Pharmingen, San Diego, CA) using a FACScan flow cytometer (BD Biosciences, San Jose, CA).
For SDS-PAGE and immunoblotting, cells after the time of treatment indicated in the figure legends, were lysed in whole-cell lysis buffer (0.5 M Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 1% ␤-mercaptoethanol, and 0.02% bromphenol blue), and the samples were boiled for 30 min. The boiled samples were loaded onto 10 to 14% SDS-PAGE, and electrophoresis was run overnight. Proteins were electrophoretically transferred onto 0.22-m nitrocellulose, and immunoblotted with various primary antibodies against different proteins. All immunoblots were visualized by an Odyssey Infra Red Imaging system (LI-COR Biosciences, Lincoln, NE). For presentation, immunoblots were digitally processed at 600 dots per inch using PhotoShop CS2 (Adobe Systems, Mountain View, CA) and their color was removed; and figures were generated with the use of PowerPoint (Microsoft Corp., Redmond, WA).
Infection of Cells with Recombinant Adenoviruses. Cells were plated at 3 ϫ 10 3 cells/cm 2 in each well of a 12-well, 6-well, or 60-mm plate. After plating (24 h), cells were infected (hepatoma and pancreatic carcinoma at a multiplicity of infection of 50) with a control empty vector virus (CMV) and adenoviruses to express MEK1 EE, constitutively active AKT, dnMEK1, dnAKT, CRM A, c-FLIP-s, BCL-XL, or XIAP (Vector Biolabs, Philadelphia, PA). After infection (24 h), cells were treated with the concentrations of vorinostat or sodium valproate ϩ sorafenib and/or other drugs indicated under Methods, and cell survival or changes in expression/phosphorylation were determined 0 to 96 h after drug treatment. Fig. 1 . Sorafenib and vorinostat interact to kill multiple human colon cancer cell lines. A, SW620, SW480, DLD-1, and HCT116 cells were treated with vehicle, sorafenib, vorinostat, or sorafenib ϩ vorinostat. Ninety-six hours after exposure, cells were isolated, and viability was determined via trypan blue exclusion assay (Ϯ S.E.M., n ϭ 3 independent studies) ‫ء‬ p Ͻ 0.05 bottom than corresponding value in SW480 cells. B, parental and transfected variants of HCT116 cells were treated with vehicle, sorafenib, vorinostat, or sorafenib ϩ vorinostat. Forty-eight hours after exposure, cells were isolated and stained with Annexin V-propidium iodide, and cell viability was determined by flow cytometry (Ϯ S.E.M., n ϭ 3) #, p Ͻ 0.05 greater than sorafenib or vorinostat treatment alone; ##, p Ͻ 0.05 greater than corresponding value in parental ϩ CMV vector cells; ‫,ء‬ p Ͻ 0.05 less than corresponding value in parental ϩ CMV vector cells; ‫,ءء‬ p Ͻ 0.05 less than corresponding value in K-RAS Asp13 null ϩ H-RAS Val12 cells. Inset, immunoblotting of untreated cells for the basal levels of phosphorylation of ERK1/2 and AKT (Ser473; Thr308) in the HCT116 isolates. C and D, HCT116 or SW480 cells were, as indicated, either infected with recombinant adenoviruses or transfected with siRNA molecules to knock down CD95. Twenty-four hours after infection or transfection, cells were treated with vehicle, sorafenib, vorinostat, or both drugs together. Forty-eight hours after exposure, cells were isolated and stained with Annexin V-propidium iodide, and cell viability was determined by flow cytometry (Ϯ S.E.M., n ϭ 3); ‫,ء‬ p Ͻ 0.05 less than corresponding value in CMV vector or siSCR control cells. Immunoblots show CD95 knockdown and c-FLIP-s protein expression under the indicated conditions. E and F, HCT116, SW480, and SW620 cells were plated in eight-well glass chamber slides and were treated with vehicle or sorafenib ϩ vorinostat. Cells were fixed and not permeabilized 0 to 8 h after drug exposure. Fixed cells were immunostained for plasma membrane-associated CD95 and visualized using a FITC-conjugated secondary antibody. Images are representatives from two separate studies. In parallel, HCT116 and SW480 cells were treated with vehicle or with sorafenib ϩ vorinostat. Six hours after treatment, cells were lysed and CD95-immunoprecipitated. Immunoprecipitates were subjected to SDS-PAGE and immunoblotting. A representative CD95 immunoprecipitate is shown (n ϭ 3).
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Transfection of Cells with siRNA or with Plasmids. Transfection protocols were identical to those performed as described previously (Park et al., 2008a; Zhang et al., 2008) , with siRNA transfection at 20 nM.
CD95 Cell Surface Density Measurement. Five random cells were selected from each treatment condition. The density of CD95 staining was measured at 50 points per cell under a fluorescent microscope using Axiocam/Axiovision imaging software (Carl Zeiss, Thornburg, NY).
Data Analysis. Comparison of the effects of various treatments was performed using analysis of variance and the Student's t test. Differences with a p value of Ͻ 0.05 were considered statistically significant. Experiments shown are the means of multiple individual points (Ϯ S.E.M.). Median dose-effect isobologram analyses are a quantitative assessment to determine whether drug interactions were additive or synergistic. Synergy calculations were performed according to the method of T.-C. Chou and P. Talalay using the Calcusyn program for Windows (BIOSOFT, Cambridge, UK). A combination index (CI) value of less than 1.00 indicates synergy of interaction between the drugs, a value of 1.00 indicates additivity, and a value of Ͼ1.00 equates to antagonism of action between the agents.
Results
In short-term cell viability assays, sorafenib and vorinostat interacted in an additive to greater-than-additive manner to kill SW480, DLD-1, and HCT116 colon cancer cells (Fig. 1A) . It is noteworthy that whereas sorafenib and vorinostat interacted in a greater-than-additive manner to kill SW480 cells, patient-matched SW620 cells were resistant to drug-induced lethality. HCT116 cells and variants of HCT116 cells that are genetically deleted for K-RAS Asp13 and transfected with empty vector (CMV) and H-RAS Val12 or effector mutants of H-RAS Val12 that activate specific downstream pathways were next treated with sorafenib and vorinostat. The H-RAS Val12 effector mutants selectively activate RAF (H-RAS Val12-Ser35), ral guanine nucleotide dissociation stimulator (H-RAS Val12-Gly37), and PI3K (H-RAS Val12-Cys40), respectively. Sorafenib and vorinostat toxicity was reduced in tumor cells lacking mutant active K-RAS Asp13 expression, was restored in cells expressing H-RAS Val12, and was enhanced in tumor cells with H-RAS Val12-dependent activation of ERK1/2, but not in cells with H-RAS Val12-dependent activation of either the PI3K or ral guanine nucleotide dissociation stimulator signaling pathways (Fig. 1B) Ihle et al., 2009 ). In long-term colony formation assays, sorafenib and vorinostat interacted in a synergistic manner to kill HCT116 and SW480 cells, as judged by CI values of less than 1.00 (Table 1) . Similar synergistic tumor cell killing/colony formation data were obtained when an unrelated clinically used HDACI, sodium valproate, was substituted for vorinostat (Table 2) .
Prior studies have demonstrated in hepatoma and renal carcinoma cells that sorafenib ϩ vorinostat toxicity was de- Colon cancer (HCT116, SW480) cells were treated 12 h after plating as single cells (250 -1500 cells/well) in sextuplicate with vehicle (DMSO), sorafenib (3.0 -6.0 M), vorinostat (250 -500 nM), or with both drugs combined, as indicated at a fixed concentration ratio, to perform median dose-effect analyses for the determination of synergy. After drug exposure (48 h), the medium was changed, and cells were cultured in drug-free media for an additional 10 to 14 days. Cells were fixed and stained with crystal violet, and colonies of Ͼ50 cells/colony counted. Colony formation data were entered into the Calcusyn program, and CI values were determined. A CI value of less than 1.00 indicates synergy; a CI value of greater than 1.00 indicates antagonism. , and 24 h after infection, cells were treated with vehicle, sorafenib, vorinostat, or both drugs together. Forty-eight hours after exposure, cells were isolated and stained with Annexin V-propidium iodide, and cell viability was determined by flow cytometry (Ϯ S.E.M., n ϭ 3). ‫,ء‬ p Ͻ 0.05 less than corresponding value in CMV vector cells. Inset, expression of BCL-XL 24 h after infection. B, HCT116 cells were treated with vehicle or GX15-070 followed by, as indicated, vehicle, sorafenib, sodium valproate, or sorafenib ϩ valproate. Twenty-four and 48 h after exposure, cells were isolated and viability determined via Annexin V-propidium iodide, and cell viability was determined by flow cytometry (Ϯ S.E.M., n ϭ 3 independent studies). #, p Ͻ 0.05 greater than corresponding value in HCT116 cells (compare Fig. 1B ). C, SW480 cells, 24 h after plating in triplicate, were treated with vehicle or GX15-070 followed by, as indicated, vehicle (DMSO), sorafenib, sodium valproate, or sorafenib ϩ valproate. Twenty-four and 48 h after exposure, cells were isolated and viability determined via Annexin V-propidium iodide, and cell viability was determined by flow cytometry (Ϯ S.E.M., n ϭ 3 independent studies). D, SW480 cells were transfected with siRNA molecules to knock down CD95. Twenty-four hours after transfection, cells were treated with vehicle or GX15-070 followed by, as indicated, vehicle, sorafenib, sodium valproate, or sorafenib ϩ valproate. Twenty-four and 48 h after exposure, cells were isolated, and viability was determined via Annexin V-propidium iodide, and cell viability was determined by flow cytometry (Ϯ S.E.M., n ϭ 2 independent studies). ‫,ء‬ p Ͻ 0.05 less than corresponding value in siSCR transfected cells. E and F, OVCAR, SKOVIII, Rh30, and Rh41 cells were treated with vehicle or GX15-070 followed by, as indicated, vehicle, sorafenib, vorinostat, sodium valproate, sorafenib ϩ valproate, or sorafenib ϩ vorinostat. Forty-eight hours after exposure, cells were isolated and viability was determined via trypan blue exclusion assay (Ϯ S.E.M., n ϭ 3 independent studies). #, p Ͻ 0.05 greater than sorafenib ϩ vorinostat value. G and H, OVCAR and Rh41 cells were transfected with siRNA molecules to knock down CD95. Twenty-four hours after transfection, cells were treated with vehicle or GX15-070 followed by, as indicated, vehicle, sorafenib, sodium valproate, or sorafenib ϩ valproate. Twenty-four and 48 h after exposure, cells were isolated and viability was determined via trypan blue exclusion assay (Ϯ S.E.M., n ϭ 2 independent studies). ‫,ء‬ p Ͻ 0.05 less than corresponding value in siSCR-transfected cells. molpharm.aspetjournals.org pendent on activation of CD95 (Park et al., 2008a; . In these studies, we also discovered that, in addition to well recognized components of the CD95-DISC (e.g., pro-caspase 8, c-FLIP-s), we also observed increased association of autophagy and ER stress regulatory proteins (e.g., ATG5, Grp78/BiP). Hence, we examined the roles of CD95 and c-FLIP-s in modulating sorafenib ϩ vorinostat toxicity in both HCT116 and in SW480 cells. Knockdown of CD95 increased vorinostat and sorafenib ϩ vorinostat toxicity in HCT116 cells, and overexpression of c-FLIP-s weakly blunted drug-induced cell killing (Fig. 1C) . Knockdown of CD95 or overexpression of c-FLIP-s blocked sorafenib ϩ vorinostat toxicity in SW480 cells (Fig. 1D) . The data obtained in SW480 cells is very similar to that previously noted in liver, pancreatic, and kidney cancer cells. In HCT116 cells, sorafenib ϩ vorinostat exposure caused the association of procaspase 8 and the chaperone Grp78/BiP with CD95 but did not increase plasma membrane staining for CD95 (Fig. 1E) . In HCT116 cells, the amount of c-FLIP-s associated with pro-caspase 8 in the DISC was weakly increased after drug exposure. In SW480 cells, but not matched SW620 cells, sorafenib ϩ vorinostat exposure profoundly increased CD95 plasma membrane staining; drug treatment in SW480 cells caused the association of pro-caspase 8 and Grp78/BiP with CD95 and with reduced expression of c-FLIP-s in the DISC (Fig. 1F ) (Kubens and Zä nker, 1998). Overexpression of BCL-XL or expression of dominant-negative caspase 9 suppressed sorafenib ϩ vorinostat toxicity in HCT116 cells, which supports the contention that in this cell line, the drugs were using the intrinsic pathway to kill (Fig.  2A) . Because mitochondrial dysfunction was playing a role in sorafenib ϩ vorinostat lethality in HCT116 cells, we then determined whether inhibition of protective BCL-2 family members facilitated drug-induced cell killing. Treatment of cells with pharmacologically achievable concentrations of the BCL-2/BCL-XL/MCL-1 inhibitor GX15-070 (obatoclax) significantly increased HCT116 or SW480 cell mortality (Fig. 2 , B and C) (Nguyen et al., 2007) . GX15-070 as a single agent was more toxic in HCT116 cells than in SW480 cells, but in HCT116 cells, GX15-070 did not strongly enhance the toxicity of sorafenib ϩ valproate exposure. In SW480 cells, however, GX15-070 increased short-term sorafenib ϩ valproate lethality in at least an additive fashion. A similar effect was observed in SW480 cells using long-term colony formation assays (data not shown). It is particular noteworthy that the toxic interaction in HCT116 cells between sorafenib and the class I HDACI sodium valproate was greater than the interaction between sorafenib and the pan-HDACI vorinostat. Valproic acid has been shown to affect HDAC2 levels by inducing its proteasomal degradation; whether altered HDAC2 function represents the reason for this observation will require future study (Krä mer et al., 2003) .
Loss of CD95 expression is common in tumors from patients with metastatic/advanced colon cancer; therefore, we next determined whether GX15-070 could facilitate sorafenib ϩ valproate lethality in SW480 cells with reduced CD95 function. Knockdown of CD95 significantly reduced sorafenib ϩ valproate-induced killing in SW480 cells (Fig. 2D) . In CD95 knockdown cells treated with GX15-070, however, no significant reduction in sorafenib ϩ valproate ϩ GX15-070 lethality was observed, compared with scrambled siRNA control transfected cells. We then determined whether GX15-070 also enhanced the toxicity of sorafenib ϩ HDACI treatment in other tumor cell types. GX15-070 increased sorafenib ϩ valproate lethality in at least an additive fashion in shortterm assays in adult human ovarian cancer cells and in human pediatric rhabdomyosarcoma cells (Fig. 2, E and F) . As was observed in HCT116 cells, sodium valproate enhanced sorafenib toxicity in these cell types to a greater extent than did vorinostat. Knockdown of CD95 suppressed sorafenib ϩ HDACI toxicity in ovarian cancer and in rhabdomyosarcoma cells, an effect that was circumvented by GX15-070 (Fig. 2, G and H) . Sorafenib ϩ HDACIs synergized to kill rhabdomyosarcoma cells in colony formation assays (Table 3) . Collectively, the data in Fig. 2 demonstrate, in TABLE 3 Sorafenib and sodium valproate synergize in colony formation assays to kill rhabdomyosarcoma cells Rhabdomyosarcoma (Rh41) cells were treated 12 h after plating as single cells (250 -1500 cells/well) in sextuplicate with vehicle (DMSO), sorafenib (2.0 -9.0 M), sodium valproate (0.33-1.5 mM), or with both drugs combined, as indicated at a fixed concentration ratio to perform median dose-effect analyses for the determination of synergy. After drug exposure (48 h), the medium was changed and cells cultured in drug-free media for an additional 10 to 14 days. Cells were fixed and stained with crystal violet, and colonies of Ͼ50 cells/colony counted. Colony formation data were entered into the Calcusyn program, and combination index (CI) values were determined. A CI value of less than 1.00 indicates synergy; a CI value of greater than 1.00 indicates antagonism. Fig. 3 . Expression of ceramide synthase 6 (LASS6) modulates the toxicity of sorafenib and vorinostat in SW480/SW620 colon cancer cells. A, SW480 cells in eight-well chamber slides were transfected with siRNA molecules to knock down expression of ASMase or were transfected with scrambled siRNA molecules. Twenty-four hours after transfection, cells were treated with vehicle or myriocin (1 M), and after 30 min, cells were then exposed to vehicle or to sorafenib ϩ vorinostat. Cells were fixed 6 h after exposure, and the amount of plasma membrane associated CD95 was determined by immunohistochemistry (Ϯ S.E.M., n ϭ 2). Bottom inset, HEPG2, PANC1, OVCAR, and SW480 cells, 24 h, were transfected with siRNA molecules to knockdown expression of LASS6 or transfected with scrambled siRNA molecules; or SW480 cells were transfected with siRNA molecules to knockdown expression of ASMase. Twenty-four hours after transfection, cells were isolated and LASS6/ASMase expression was determined. B, HEPG2, PANC1, OVCAR, and SW480 cells, 24 h after plating in eight-well chamber slides were transfected with siRNA molecules to knock down expression of LASS6, or transfected with scrambled siRNA molecules. Twenty-four hours after transfection, cells were treated with vehicle or to sorafenib ϩ valproate or sorafenib ϩ vorinostat. Cells were fixed 6 h after exposure, and the amount of plasma membrane-associated CD95 was determined by immunohistochemistry (Ϯ S.E.M., n ϭ 2). C, SW480 cells were transfected with siRNA to reduce ASMase protein levels as in A. Twenty-four hours after transfection, cells were treated with vehicle or myriocin (1 M); after 30 min, cells were exposed to vehicle, sorafenib, vorinostat, or both drugs combined. Forty-eight and 96 h after exposure, cells were isolated and stained with trypan blue dye, and cell viability was determined by visible light microscopy (Ϯ S.E.M., n ϭ 2). ‫,ء‬ p Ͻ 0.05 less than corresponding value in siSCR cells; ‫,ءء‬ p Ͻ 0.05 less than corresponding value in siASMase cells. D, SW620 cells stably transfected with either vector control plasmid of a plasmid to express LASS6, 24 h after plating, were exposed to vehicle, sorafenib, vorinostat, or both drugs combined. Forty-eight hours after exposure, cells were isolated and stained with trypan blue dye and cell viability determined by visible light microscopy (Ϯ S.E.M., n ϭ 2). #, p Ͻ 0.05 greater than corresponding value in empty vector cells. Inset, SW620 cells 24 h after plating in eight-well chamber slides as above, and exposed to vehicle, sorafenib, vorinostat, or both drugs combined. Cells were fixed 6 h after exposure and the amount of plasma membrane associated CD95 determined by immunohistochemistry (Ϯ S.E.M., n ϭ 2). 
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at ASPET Journals on June 21, 2017 molpharm.aspetjournals.org multiple types of tumor cells, that an agent that inhibits protective BCL-2 protein function enhances sorafenib ϩ HDACI lethality. In our prior studies using hepatoma cells, we noted that CD95 activation was inhibited by small molecule inhibitors of the de novo ceramide synthesis pathway, as well as by knockdown or knockout of acidic sphingomyelinase (ASMase). As noted previously, compared with patientmatched SW480 cells, SW620 cells were refractory to druginduced toxicity, which correlated with a lack of CD95 activation (Fig. 1D ). It has recently been shown that SW620 cells are refractory to death receptor signaling induced by tumor necrosis factor-related apoptosis-inducing ligand, which was linked to low expression of ceramide synthase 6 (LASS6), an enzyme in the de novo ceramide synthesis pathway, and with a lack of ceramide generation after tumor necrosis factorrelated apoptosis-inducing ligand exposure (White-Gilbertson et al., 2009). Knockdown of ASMase expression or treatment with the de novo pathway inhibitor myriocin blocked sorafenib ϩ vorinostat-induced CD95 activation in SW480 cells (Fig. 3A) . Knockdown of LASS6 expression in SW480 cells also reduced drug-induced CD95 activation and druginduced cell killing (Fig. 3B , data not shown). Similar data with respect to reduced CD95 activation when LASS 6 was knocked down were also observed in liver, pancreatic, and ovarian cells (Fig. 3B) . Knockdown of ASMase expression or treatment with the de novo pathway inhibitor myriocin blocked sorafenib ϩ vorinostat-induced cell killing in SW480 cells (Fig. 3C) . Based on the data in Fig. 3A , we determined whether expression of LASS6 in SW620 cells facilitated druginduced CD95 activation and cell death. Overexpression of LASS6 in SW620 cells enhanced the toxicity of sorafenib, vorinostat, and sorafenib ϩ vorinostat, which correlated with increased activation of CD95 (Fig. 3D) . Collectively, these data support the idea that expression of enzymes within the de novo ceramide pathway, particularly LASS6, is essential for CD95 activation and for the toxic actions of sorafenib and vorinostat in SW480/SW620 colon cancer cells.
We next performed studies to understand how knockdown of CD95 enhanced sorafenib ϩ vorinostat toxicity in HCT116 cells. In hepatoma cells, we have previously noted that sorafenib ϩ vorinostat exposure promoted a protective form of autophagy in a CD95-and PERK-/eIF2␣-dependent fashion. In HCT116 colon cancer cells, sorafenib ϩ vorinostat exposure promoted increased phosphorylation of PERK and the processing of LC3 (ATG8), which are suggestive of increased levels of autophagy (Fig. 4A) . Grp78/BiP is a chaperone for PERK and dissociates from PERK, permitting PERK to be activated; it is noteworthy that we previously demonstrated that Grp78/BiP became associated with CD95 after drug exposure (Fig. 1C) (Park et al., 2008a) . However, despite PERK's becoming phosphorylated after drug treatment, no increase in the phosphorylation of the PERK substrate eIF2␣ was observed. In HCT116 cells, sorafenib ϩ vorinostat exposure promoted vesicularization of a transfected LC3-GFP construct, indicative of increased autophagy, an effect that was blocked by expression of dominant-negative PERK and by knockdown of either ATG5 or Beclin1 (Fig. 4, B and C) . Expression of dominant-negative PERK blocked drug-induced increases in PERK phosphorylation, the processing of LC3, and drug-induced activation of the JNK pathway (Fig.  4B) . Knockdown of CD95 expression in HCT116 cells abolished drug-induced autophagy (Fig. 4C) . We then determined whether drug-induced autophagy was a protective or a toxic signal; knockdown of Beclin1 expression enhanced both vorinostat and sorafenib ϩ vorinostat lethality (Fig. 4D) . In general agreement with prior findings in liver, pancreatic, and kidney cancer cells, knockdown of Beclin1 in SW480 cells also abolished drug-induced autophagy and enhanced sorafenib ϩ vorinostat toxicity (data not shown). Collectively, the data in Fig. 4 , together with those presented in Fig. 1 , demonstrate that sorafenib ϩ vorinostat treatment promote a form of CD95 activation in HCT116 cells that is nonproductive with respect to proapoptotic signaling but is competent to stimulate an autophagic response that is cytoprotective.
We next determined whether drug-induced PERK signaling through the JNK pathway was regulated by CD95 and whether JNK pathway signaling also played a role in the regulation of autophagy. Sorafenib ϩ vorinostat treatment activated the JNK pathway but not the p38 MAPK pathway (Fig. 5A, top blots) . Inhibition of the JNK pathway enhanced the toxicity of sorafenib ϩ vorinostat treatment (Fig. 5A , bottom graph). Knockdown of CD95 expression blocked JNK pathway activation; however, unlike prior data in hepatoma cells, knockdown of CD95 did not alter PERK activation (Fig.  5B, top blots) . Thus, JNK1/2 activation requires separate drug-induced signals emanating from both CD95 and PERK.
We then examined whether JNK pathway signaling played any regulatory role in autophagy induction. Molecular inhibition of JNK1/2 signaling blocked drug-induced vesicularization of LC3-GFP (Fig. 5B, bottom graph) . The autophagy regulatory protein Beclin1 has been shown to bind to BCL-2, and phosphorylation of BCL-2 by JNK1 has been proposed to cause Beclin1 to dissociate from BCL-2, thereby promoting a protective form of autophagy (Wei et al., 2008) . In HCT116 cells, Beclin1 coimmunoprecipitated with BCL-2 and coprecipitation of the Beclin1 with BCL-2 was almost abolished in cells treated with sorafenib and sodium valproate (Fig. 5C ). The association of Beclin1 with BCL-2 was maintained by inhibition of JNK pathway signaling, which correlated with inhibition of autophagy (Fig. 5, B and C) .
Sorafenib was developed as an inhibitor of Raf kinases; however, it is now known to inhibit class III receptor tyrosine kinases. In HCT116 cells, sorafenib ϩ vorinostat exposure did not alter AKT (Ser473) phosphorylation (Fig. 6A) . As with the findings in hepatoma cells, sorafenib ϩ vorinostat exposure transiently inhibited ERK1/2 activity 48 h after exposure. Based on these data, we used molecular approaches to define the role of each pathway in the survival response of drug treated HCT116 cells. Transient expression of dominant-negative MEK1, but not dominant-negative AKT, enhanced the toxicity of sorafenib, vorinostat, and sorafenib ϩ vorinostat (Fig. 6A) . In general, agreement with our data in Fig. 6A transient expression of activated MEK1 EE but not expression of activated AKT, suppressed sorafenib ϩ vorinostat toxicity in HCT116 cells (Fig. 6B) . Thus, the ERK1/2 pathway plays a greater regulatory role than the AKT pathway in HCT116 cells.
Discussion
The present studies were designed to examine whether sorafenib and HDACIs interact in a synergistic manner to cause cell death in colon cancer cells. In short-term cell viability as-
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Walker et al. Fig. 4 . Sorafenib and vorinostat interact to cause a CD95-dependent induction of autophagy in HCT116 cells that is cytoprotective. A, HCT116 cells were treated with vehicle, sorafenib, vorinostat, or both drugs combined. Cells were isolated 6 and 24 h after drug treatment and lysates subjected to SDS-PAGE and immunoblotting against the proteins indicated in the figure panel. Data are from a representative of three independent studies. B, HCT116 cells in eight-well chamber slides were transfected with a vector control plasmid (CMV) or a plasmid to express dominant-negative PERK and all cells transfected with a plasmid to express LC3-GFP. Twenty-four hours after infection, cells were treated with vehicle, sorafenib, vorinostat, or both drugs combined. Six hours after drug exposure, cells were visualized at 40ϫ using a fluorescent microscope (Axiovert 200; Zeiss, Thornwood, NY) under fluorescent light using the FITC filter. The mean number of autophagic vesicles per cell from random fields of 40 cells was counted (Ϯ S.E.M., n ϭ 3). Inset, cells transfected with vector control (CMV) or a plasmid to express dominant-negative PERK (but not LC3-GFP) were isolated 6 h after drug exposure, and lysates were subjected to SDS-PAGE and immunoblotting to determine LC3 expression and processing, PERK phosphorylation, and JNK1/2 phosphorylation (a representative n ϭ 3). C, HCT116 cells in eight-well chambered glass slides were transfected with siRNA molecules to knock down expression of CD95, ATG5, or Beclin1. In parallel, cells were cotransfected with a plasmid to express LC3-GFP. Twenty-four hours after transfection, cells were treated with vehicle, sorafenib, vorinostat, or both drugs combined. Six hours after drug exposure, cells were visualized at 40ϫ using an Axiovert 200 fluorescent microscope under fluorescent light using the FITC filter. The mean number of autophagic vesicles per cell from random fields of 40 cells was counted (Ϯ S.E.M., n ϭ 3). ‫,ء‬ p Ͻ 0.05 less than corresponding value in siSCR transfected cells. Inset photomicrograph, representative images taken from each of the treatment conditions in CD95 studies. Inset blot, siRNA treatment knockdown of Beclin1 or ATG5 in HCT116 cells 24 h after transfection. D, HCT116 cells in eight-well chambered glass slides were transfected with siRNA molecules to knockdown expression of Beclin1. Twenty-four hours after transfection, cells were treated with vehicle, sorafenib, vorinostat, or both drugs combined. Forty-eight hours after exposure, cells were isolated and viability was determined via trypan blue exclusion assay (Ϯ S.E.M., n ϭ 3 independent studies). #, p Ͻ 0.05 greater than corresponding value in siSCR transfected cells.
says, sorafenib and vorinostat caused an additive to greater than additive increase in colon cancer cell death. In cells in which short-term lethality for the combination was greater than additive, a strong activation of CD95 was observed. In long-term colony formation assays, regardless of short-term CD95 activation, sorafenib and vorinostat treatment synergized to kill colon cancer cells with CI values of less than 0.70. Collectively, our findings in colon cancer cells with respect to the toxicity of sorafenib and HDACI treatment are in general agreement with those in NSCLC, renal, liver, melanoma, and pancreatic cancer cells Zhang et al., 2008) .
In agreement with the concept that reduced basal activity in the MEK1/2 and/or PI3K pathways will reduce cellular tumorigenicity and diminish the toxicity of drugs targeting protein and lipid kinases, we found that the lethality of sorafenib, vorinostat, or sorafenib ϩ vorinostat was sup- Six to 24 h after drug exposure, cells were isolated and subjected to SDS-PAGE and immunoblotting to determine the phosphorylation of p38 MAPK and JNK1/2. Data are from a representative of three independent studies. Bottom graph, HCT116 cells were, as indicated, infected with recombinant adenoviruses. Thirty minutes before drug exposure, cells were treated as indicated with vehicle (DMSO) or the JNK inhibitory peptide (JNK-IP, 10 M). Twenty-four hours after infection, cells were treated with vehicle, sorafenib, vorinostat, or both drugs together. Ninety-six hours after exposure, cells were isolated and stained with Annexin V-propidium iodide and cell viability was determined by flow cytometry (Ϯ S.E.M., n ϭ 3) ‫,ء‬ p Ͻ 0.05 less than corresponding value in CMV vector cells; #, p Ͻ 0.05 greater than corresponding value in CMV vector cells. B, top blot, HCT116 cells 24 h after plating were transfected with an siSCR or an siRNA to knock down CD95 expression. Twenty-four hours after infection, cells were treated with vehicle or with sorafenib and vorinostat. Six hours after drug exposure, cells were isolated and lysates were subjected to SDS-PAGE and immunoblotting to determine the phosphorylation status of PERK and of JNK1/2. Data are from a representative of two to three independent studies. Bottom graph, HCT116 cells in eight-well chamber slides were transfected with a plasmid to express LC3-GFP. Thirty minutes before drug exposure, cells were treated as indicated with vehicle or the JNK inhibitory peptide (JNK-IP, 10 M). Twenty-four hours after infection, cells were treated with vehicle, sorafenib, vorinostat, or both drugs combined. Six hours after drug exposure, cells were visualized at 40ϫ using an Axiovert 200 fluorescent microscope under fluorescent light using the FITC filter. The mean number of autophagic vesicles per cell from random fields of 40 cells was counted (Ϯ S.E.M., n ϭ 3). C, HCT116 cells were treated with vehicle or JNK inhibitory peptide (10 M). Cells were then treated with vehicle or with sorafenib and sodium valproate. Cells were isolated 6 h after exposure, and BCL-2 was immunoprecipitated from cell lysates. Immunoprecipitates were subjected to SDS-PAGE and blotting to determine association of Beclin1 and BCL-2 in the samples (n ϭ 2).
pressed by deletion of K-RAS Asp13 from HCT116 cells. This noteworthy because HCT116 cells lacking K-RAS Asp13 expression are considered only semitransformed and do not form colonies in soft agar or tumors in animals. We then investigated the relative importance of three of the best defined pathways downstream of RAS proteins that were likely to be involved in controlling drug toxicity: Raf-MEK1/2 (H-RAS Val12 Ser35); PI3K-AKT (H-RAS Val12 Cys40); RAL GDS (H-RAS Val12 Gly37). We have recently published using these cells in vitro and in vivo that activation of RAS predicted resistance to PI3K inhibitors even in the presence of activating PI3K mutations or loss of PTEN, whereas H-RAS Val12 (Cys40)-induced single activation of PI3K predicted for sensitivity to PI3K inhibitors (Ihle et al., 2009) . Expression of H-RAS V12 but not point effector mutants of H-RAS Val12 that activate PI3K-AKT (Cys40) or RAL GDS (Gly37) restored the toxicity of sorafenib or vorinostat, and the drug combination, to near those levels observed in wildtype cells. In contrast to data with other effector point mutants, expression of the mutant H-RAS that elevates Raf-MEK1/2 signaling enhanced both vorinostat and sorafenib ϩ vorinostat lethality above those in parental cells or cells expressing wild-type H-RAS V12. However, we also found in wild-type HCT116 cells that transient expression of dominant-negative MEK1 enhanced the toxicity of sorafenib, vorinostat, and sorafenib ϩ vorinostat. Transient expression of activated MEK1 also suppressed the toxicity of sorafenib, vorinostat, and sorafenib ϩ vorinostat. HDACI lethality can be enhanced when ERK1/2 pathway signaling is inhibited using potent small-molecule MEK1/2 inhibitors (Yu et al., 2005; Ozaki et al., 2006) . Sorafenib toxicity can also be enhanced by small-molecule MEK1/2 inhibitors (S. Grant, unpublished observation). Collectively, our data in HCT116 cells lead us to conclude that although transient inhibition of ERK1/2 signaling can promote the toxicity vorinostat and facilitate sorafenib ϩ vorinostat killing, sustained elevated basal levels of ERK1/2 activity within colon cancer cells are also predictive for enhanced vorinostat toxicity as well as enhanced sorafenib ϩ vorinostat toxicity.
In our prior studies combining sorafenib and vorinostat in non-small-cell lung cancer, renal, liver, melanoma and pancreatic cancer cells, cell killing was PERK-and CD95-depen- Fig. 6 . Transient modulation of ERK1/2 activity, and not AKT activity, regulates sorafenib ϩ vorinostat toxicity in HCT116 cells. A, top blot, HCT116 cells 24 h after plating were treated with either vehicle or with sorafenib ϩ vorinostat. Twenty-four to 96 h after drug exposure, cells were isolated and subjected to SDS-PAGE and immunoblotting to determine the phosphorylation of ERK1/2 and AKT (S473). Data are from a representative of three independent studies. Bottom graph, HCT116 cells 24 h after plating were, as indicated, infected with recombinant adenoviruses. Twenty-four hours after infection, cells were treated with vehicle, sorafenib, vorinostat, or both drugs together. Forty-eight hours after exposure, cells were isolated and stained with Annexin V-propidium iodide and cell viability determined by flow cytometry (Ϯ S.E.M., n ϭ 3). #, p Ͻ 0.05 greater than corresponding value in CMV vector cells; ##, p Ͻ 0.05 greater than corresponding value in dnMEK1 cells. B, HCT116 cells were, as indicated, infected with recombinant adenoviruses. Twenty-four hours after infection, cells were treated with vehicle, sorafenib, vorinostat, or both drugs together. Ninety-six hours after exposure, cells were isolated and stained with Annexin V-propidium iodide, and cell viability was determined by flow cytometry (Ϯ S.E.M., n ϭ 3). ‫,ء‬ p Ͻ 0.05 less than corresponding value in CMV vector cells. Inset blots: the phosphorylation of ERK1/2 and AKT (Ser473) were measured in cells expressing MEK1EE and activated AKT, respectively, 24 h after virus infection.
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at ASPET Journals on June 21, 2017 molpharm.aspetjournals.org dent, and the induction of protective autophagy was also PERK-and CD95-dependent. We noted in SW480, OVCAR, and Rh41 cells that a similar mechanism of drug action via CD95 was extant. In HCT116 cells, however, although PERK was activated in a CD95-dependent fashion, eIF2␣ phosphorylation did not increase. Drug-induced eIF2␣ phosphorylation was previously noted to be essential for translational repression of c-FLIP-s and MCL-1 levels and in HCT116 cells, the levels of neither c-FLIP-s nor MCL-1 were suppressed after drug treatment, and the levels of c-FLIP-s remained elevated in the CD95-DISC (Park et al., 2008a) . These data may explain why CD95-caspase 8 signaling was nonproductive in HCT116 cells. To our surprise, we found that knockdown of CD95 expression in HCT116 cells increased cell killing. However, we noted that drug exposure promoted a protective form of autophagy that was CD95-dependent. These data confirm and extend our prior work and argue that in some cell types, and under certain treatment conditions, death receptor signaling promotes cell survival through increased autophagy.
It has been widely reported that the expression/function of CD95 can be reduced or lost in metastatic colon cancer. We determined that a clinically relevant small molecule antagonist of BCL-2 family proteins that is entering phase II trials (GX15-070; obatoclax) enhanced sorafenib ϩ HDACI lethality, and in cells where knockdown of CD95 reduced sorafenib ϩ HDACI toxicity, obatoclax was capable of reverting sorafenib ϩ HDACI lethality to levels approaching those in vector control-transfected cells; this finding was relevant in multiple tumor cell types. Additional studies will be required to determine which BH3 domain-only proteins play a central role in the death-promoting biologic effects of obatoclax in colon cancer cells.
We have shown that bile acids can promote ligand-independent ASMase and ceramide-dependent activation of CD95 in primary hepatocytes, which generated both toxic signals (caspase 8 and JNK1 activation) and protective signals (JNK2 activation) (Qiao et al., 2002 (Qiao et al., , 2003 . The generation of ceramide has been shown by many groups to promote ligand-independent activation of several growth factor receptors via the localization/clustering of these receptors and other signal facilitating proteins into lipid-rich domains (Barnhart et al., 2003; Kolesnick and Fuks, 2003) . In melanoma and in renal and liver cancer cells, combined but not individual exposure to sorafenib and vorinostat caused rapid activation of CD95 that did not correlate with altered expression or cleavage of FAS-L .
In SW480 cells, sorafenib and vorinostat exposure activated CD95 as judged by increased plasma membrane staining for CD95 as well as increased DISC formation in an ASMase-and de novo-ceramide synthesis pathway-dependent fashion. However, in patient-matched SW620 cells that have reduced ceramide synthase 6 (LASS6) expression, activation of CD95 was not observed. Our prior analyses in sorafenib ϩ vorinostat-treated HEPG2 cells demonstrated that inhibition of the de novo synthesis pathway suppressed generation of multiple dihydro-ceramide species, particularly the C12/C14/C16 dihydro-ceramides. The six known ceramide synthase genes (LASS) are localized in the ER, and different LASS proteins have been noted to generate ceramide forms of different chain lengths, LASS5 and LASS6 being most closely linked to the generation of C14 and C16 dihydro ceramide (Ogretmen and Hannun, 2004; Futerman and Riezman, 2005) . In general agreement with the hypothesis that LASS6 is a key player in the regulation of sorafenib and vorinostat toxicity, knockdown of LASS6 in SW480 cells suppressed drug-induced CD95 activation and cell killing, whereas expression of LASS6 in SW620 cells enhanced druginduced CD95 activation and cell killing. Similar findings were also made in ovarian, liver, and pancreatic tumor cells. Whether the expression and/or the activities of LASS proteins are regulated by a combination of vorinostat-modulated protein acetylation and sorafenib-induced changes in ROS and Ca 2 ϩ fluxes in the ER will need to be carefully examined in future studies.
In some cell types, the toxicity of vorinostat has been linked to activation of the JNK pathway (Yu et al., 2003; Portanova et al., 2008) . In HCT116 cells, we noted that vorinostat and sorafenib ϩ vorinostat exposure increased the phosphorylation of JNK1/2, indicative of kinase activation. However, in hepatoma and renal carcinoma cells, or in SW480 cells, at the drug concentrations used in this study, the activations of JNK1/2 were either modest or not observed (unpublished observations). Signaling by the JNK pathway has been linked to growth promoting signals as well as both pro-and antiapoptotic regulation (Hochedlinger et al., 2002; Qiao et al., 2003; Liu et al., 2004; Wang et al., 2007) . Inhibition of JNK1/2 using a molecular tool modestly enhanced sorafenib ϩ vorinostat toxicity in HCT116 cells; our somewhat surprising finding became more easily understood when we noted that activation of JNK1/2 was dependent on expression of CD95 and was blocked by expression of dominant-negative PERK. JNK signaling decreased the amount of Beclin1 coprecipitating with BCL-2 and in drug-treated cells lacking JNK activation, more Beclin1 remained associated with BCL-2 than under vehicle or drug treatment conditions in the absence of JNK pathway blockade. This is in agreement with the concept that JNK signaling regulates the Beclin1-BCL-2 interaction, wherein JNK signaling promotes autophagy by causing Beclin1 release from BCL-2 (Wei et al., 2008) . Further analysis of the upstream molecular events that regulate JNK pathway activation by CD95 and PERK will require studies beyond the scope of the present manuscript.
In conclusion, sorafenib and vorinostat interact to kill multiple colon cancer cell types. Unlike tumor cell types previously examined, such as non-small-cell lung cancer, renal, liver, melanoma, and pancreatic cancer cells, cell killing in colon cancer cells occurs via both CD95-dependent and -independent mechanisms. In all tumor cell types examined thus far, however, the induction of mitochondrial dysfunction and activation of the intrinsic pathway play central roles in drug lethality. Further studies will be required to translate the findings of this manuscript for colon cancer into animal models and ultimately the clinic.
